River research often addresses the influence of anthropogenic and natural processes on the ecological, hydrological and geomorphological dynamics of river systems. However, here we take a river-centred approach and consider how rivers influence their landscapes by developing concepts of river landscape 'signatures' and 'envelopes'. The influence of a river penetrates well beyond its channel into the atmosphere, across the land surface, and into the subsurface. We define a signature as an emergent property of a set of processes acting on a river landscape, and its envelope as the dynamic penetration of the signature across the landscape. The potential to recognise river signatures and envelopes is driven by unprecedented expansion in data acquisition, processing and modelling technologies. The spatial envelope of any particular signature will have fuzzy and temporallydynamic edges, may rapidly expand and contract, may differ in its extent from other signatures, and may be highly permeable to many organisms using the river (and broader) landscape. However, an understanding of the approximate dynamic envelope of a signature is crucial to understanding the contribution of rivers at a landscape scale and to informing the sustainable management of these landscapes and their ecosystem services.
Introduction
Recently, Muehlbauer et al.
1 posed the question 'How wide is a stream?'. Although this may seem a simple question, river scientists trained in different disciplines might give very different answers.
Muehlbauer et al. 1 answered it through a meta-analysis of food web data. When interpreted in relation to the theme of 'signatures and envelopes' developed in this paper, they tracked the penetration of a stream 'signature' in the food web across adjacent terrestrial environments to establish the spatial 'envelope' within which this distinctive signature could be recognised. Although in one sense this research reinforces long-held knowledge that the impact of a river extends far beyond its active channel, not least in relation to areas affected by flooding, it also raises fundamental questions about the importance as well as the spatial and temporal penetration of river systems and their services across the Earth's surface.
It is crucial to answer such questions because river landscapes are not only keystone ecosystems of global importance for humans and nature 2,3 but they are also intensively-settled areas of the Earth's surface because of the many ecosystem services that they offer to human populations. The global network of all rivers and streams, defined as lotic systems with an average annual discharge of more than 1 m 3 /sec, is 7.56 million km in length and it covers an area of about 508,000 km . This coupling of human populations with landscapes whose services are dependent upon the river's disturbance regime, demonstrates how essential it is to understand river landscape physical, chemical and biological functioning in order to lay the foundations for more harmonious management.
In this paper we conceptualise the likely spatial influences of river systems on the broader landscape, how these vary through time, and how they may be explored to support more sustainable river management. River landscapes potentially incorporate complex processes and interactions that penetrate the atmosphere, hydrosphere, biosphere and geosphere. In humid settings they are strongly driven by contemporary flood disturbances and biotic productivity gradients, but this may not be the case in more arid settings. Here, we consider how the extent and emergent properties of a river's influence on the broader landscape may be characterised using concepts of river landscape signatures and their envelopes. Following a definition of environmental signatures and their envelopes, we then consider the potential components of a river's signature and related envelopes within the landscape, and then we assess the scientific challenges that must be faced if one or more river signatures and envelopes are to be formulated and translated into tools for river landscape management.
WHAT IS A SIGNATURE?
We define a river landscape signature as an emergent property of a set of processes acting on the river landscape. While it may be a long term objective to define a single integrated signature of a river landscape, at this early stage it is more scientifically tractable to consider signatures that relate to one or more specific aspects of the landscape that can be characterised by a set of summary indices capturing the key processes and properties of a particular spatial and/or temporal pattern.
The spatial envelope of any particular signature will have fuzzy and temporally-dynamic edges, it may rapidly expand and contract, may differ in its extent from other signatures, and may be highly permeable to many organisms using the river (and broader) landscape. However, an understanding of the approximate dynamic envelope of a signature is crucial to understanding the contribution of rivers at a landscape scale and to informing the sustainable management of these landscapes and their ecosystem services.
The extraction of signatures from complex spatial and temporal data sets is now being accomplished in many areas of the environmental sciences, providing a sound foundation for considering how this type of approach might be adopted to explore the extent and character of river influences on the broader landscape. Some recent, relevant examples from different environmental science disciplines are assembled in Table 1 .
ENVELOPES OF A RIVER'S SIGNATURE ON THE LANDSCAPE
River research has already generated many signatures that provide a starting point for multidisciplinary studies. Perhaps the most long-established is the classification of river types by Thus, a river's landscape signature is not limited to envelopes of physical processes and forms at the land surface. As noted by Sponseller et al. 13 (p. 1):
'The distribution and movement of water can influence the state and dynamics of terrestrial and aquatic ecosystems through a diversity of mechanisms. These mechanisms can be organized into three general categories wherein water acts as (1) a resource or habitat for biota, (2) a vector for connectivity and exchange of energy, materials, and organisms, and (3) as an agent of geomorphic change and disturbance'.
We argue that in order to advance scientific understanding of the landscape-scale imprint of rivers, research needs to go further than these three water-related mechanisms. It needs to extend beyond the land surface to explore river signatures and their envelopes within the atmosphere and in the sub-surface, and to extend beyond physical processes to the full array of biological, biogeochemical and related ecological processes that are a product of the river's impact on the landscape. To study riverine landscapes as macrosystems requires collaborative research networks, demands advanced sensor and remote sensing technologies, and incorporates the challenge of processing immense data sets. Ultimately, this will improve understanding and prediction of rapid environmental change and support environmental policy at relevant scales.
As a starting point, Figure 1 illustrates the main physical river processes that drive the four dimensional imprint of rivers on the landscape (upstream to downstream; across the river, its floodplain and valley; above and below the land surface; through time) and the terminology we use to refer to different parts of the river corridor. there are key biological processes, depending on and interacting with these physical processes, which drive the landscape imprint of rivers.
The Land Surface
At the land surface, river flows erode, transport and deposit sediment particles ranging in size from Signatures that capture key properties of these interactions and their spatial-temporal envelopes should reveal the environmental importance of the river at the land surface and the strength of its impact along and across river corridors.
The Subsurface
At geological time scales, mutual interactions among deposition and erosion cycles, driven by longterm river morphodynamics and tectonic and climate-driven processes, create the setting for contemporary geomorphological and ecological river evolution. By acting at the spatial scale of the entire valley to floodplain depth and width, these long-term interactions fundamentally influence present river dynamics, especially for the largest river systems on Earth
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. In the shorter term, since river flow dynamics induce sediment dynamics that build the alluvial deposits underlying river channels, floodplains and terraces, these alluvial deposits inevitably possess properties (calibre, stratigraphy, permeability) that reflect the river type with which they are associated as well as the bedrock materials from which the sediments were derived. The properties of the alluvial sediments and related processes such as colmation, in turn affect rates and pathways of water exchanges between the surface and subsurface
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, and because fine sediments are chemically active, sedimentbound nutrients and contaminants affect biogeochemical processes and ecosystem functioning and health. There is considerable potential to derive signatures and envelopes for these subsurface environments that capture key properties of the river's imprint upon them.
The Atmosphere
The most neglected sphere in terms of river landscape influence is the atmosphere. comm.), although living insects may be found kilometres from the land surface. Aerobiology is an important research domain that needs to integrate river landscapes as major drivers of biological and ecological processes in the atmosphere 30 . Most life history functions of aquatic insects such as emergence, dispersal, mating, and egg deposition are restricted to the short terrestrial period.
Because mortality of aquatic insects is disproportionately high during the terrestrial phase, the airscape above the river-floodplain surface is a critical, albeit unexploited, habitat for creating and maintaining aquatic biodiversity 
TOOLS FOR INVESTIGATING AND EXTRACTING SIGNATURES New Methods of Data Acquisition
Given the rapid development of ground, airborne and satellite environmental sensors, the time is right to pursue this research. The potential to extract emergent properties of a river's landscape from high resolution remotely-sensed spatial data sets and detailed time series data is enormous 31 .
For example, Figure 2 shows some different river landscape signatures extracted using established analyses of Landsat data for part of the Tagliamento River in NE Italy. Figure 2 visualises the river's signature in relation to land surface roughness (Figure 2A ), actively growing (leaf-covered) vegetation ( Figure 2B ), surface wetness ( Figure 2C ) and seasonal thermal dynamics ( Figure 2D ).
However, disentangling scientifically-meaningful information from one or more remotely-sensed data sets requires 'connecting the dots' of ground data 32 so that they jointly underpin signature extraction. Extracting and linking information from disparate sources requires sophisticated statistical analyses and modelling tools that not only focus on emergent river signatures and their envelopes but also make allowance for sensor and other errors and the spatial and temporal data gaps that are inevitably present. As new monitoring networks are designed, 'existing and novel techniques in sampling, sensing and modelling need to be applied in a co-ordinated fashion at ….
relevant locations to improve process understanding and reveal general outcomes' 33 (p. 239). At the same time, increasingly sophisticated laboratory experiments can allow biophysical process interactions, usually inferred from field observations, to be investigated in a controlled way 34, 35 , generating new hypotheses that can be pursued through data mining, field investigations and mathematical modelling. Finally, unmanned air vehicles, drone swarms, radar, advanced sensors to trace animal movements, and stable isotopes facilitate studying landscape signatures of rivers, as well as disentangling the underlying key hydrological, geomorphological, and ecological drivers.
New Methods of Analysis and Synthesis
To exploit effectively this river landscape 'data revolution', it is necessary (i) to develop innovative methods for the assimilation and synthesis of remotely-sensed and field monitored data with experimental field and laboratory observations; (ii) to devise new statistical and mathematical modelling tools capable of identifying signatures of river landscape processes and their envelopes and of simulating their functioning under different environmental settings; and (iii) to develop management tools that make effective use of the outputs from these multi-disciplinary scientific endeavours.
Many challenges must be faced, including issues of equifinality in signatures, whereby different combinations of processes and process-form interactions deliver similar landscape results 36 and the subtle signatures arising from self-organisation processes that are imposed upon the physical template 37, 38 . The diagnosis of river landscape signatures and their dynamic envelopes is an exciting field for future scientific research that can provide a new generation of tools to inform and support river and landscape management.
Conclusion
A hierarchy of signatures and envelopes emanate from the actions of rivers on the Earth's surface. In the long term, erosion and deposition of sediment by the river produces drainage basins, valleys, floodplains and river channels that comprise most of the World's land surface. These extensive surface forms have different topographic signatures and envelopes. They also have a fundamental impact on near-surface atmospheric circulation and hydrological processes, and they are underlain by near-surface sedimentary structures that are frequently a direct product of the actions of the river. This set of physical processes, characteristics and their associated signatures and envelopes support and constrain crucial biogeochemical processes; the dispersal of organic and inorganic matter, species, diseases; and colonisation by plants and animals. As a result, further signatures develop within dynamic envelopes and these feed back into surface, above and below ground physical processes.
Ultimately, we must aim to answer the question 'How large (wide, deep, high, and old) is a river?' in the context of a range of crucial processes and their signatures that underpin the delivery of river landscape ecosystem services and their temporal persistence. A substantive multi-disciplinary effort is required to both advance scientific understanding to address this aim and to use these advances to underpin improved river landscape restoration and management. If realised, this could revolutionise the way we design responses to pressures, allowing us to devise strategies to achieve maximum benefits from river landscapes for both humans and river ecosystems. Restoration and management efforts need to recognise that the health of the river ecosystem depends upon functions that extend across the entire river landscape -upstream, to the sides, below and above the river -and that vary through time. Furthermore, the delivery of river ecosystem services to humans depends upon functions that extend across the entire river landscape. As a result, key river landscape signatures and their envelopes need to set a context for any management or rehabilitation strategies. To achieve this, informative but simple signatures and envelopes need to be extracted that convey the essence of the underlying complexity and help to support measures that carefully balance the needs of humans and river ecosystems.
Finally, to ensure full recognition of the importance of river landscapes, it is crucial to understand how particular signatures may attract organisms from beyond their envelope. The permeability of envelopes may be particularly high when the broader landscape is affected by extreme conditions of, for example, water availability, temperature, exposure, or when the envelopes contribute to navigation of species across the land surface. This means that river landscapes, their signatures and envelopes, need to be recognised as major contributors to sustaining landscape functions at the broadest terrestrial scale. 
